The occurrence of numerous chromitite layers within the Rustenburg Layered Suite of the Bushveld Complex, South Africa, has been widely cited in models to explain the origin of the igneous layering. Most hypotheses are based around the principle of episodic replenishment of the magma chamber. Chromitite layers occur in both the Lower Critical Zone (LCZ), which is wholly ultramafic, and the Upper Critical Zone (UCZ), where they are part of repetitive units that include pyroxenite (6 minor harzburgite), norite and anorthosite. The UCZ also reveals stringers of disseminated chromite, which, despite being only a few millimetres thick, are laterally very persistent. We investigate chromite stringers from the uppermost part of the UCZ at Winnaarshoek in the Eastern Limb of the intrusion, where they are preferentially located on contacts between layers of pyroxenite and anorthosite. Stringers overlain by anorthosite are of particular interest as they are located in the centre of units and are unlikely to have developed from replenishment by basal flows of magma. The uppermost of the two chromite stringers associated with the Merensky Reef is unusual as it is located wholly within a layer of pyroxenite, and does not demarcate a lithological contact. Stringers are categorized as Type III chromite to distinguish them from the thicker layers of chromitite, Type I (in the LCZ) and Type II (in the UCZ). The Cr-spinel in the stringers is characterized by relatively low Cr/Fe ratios and is associated with recrystallized, unusually calcic, plagioclase as the principal silicate phase. Accessory phases include rutile, corundum, zircon and baddeleyite, in addition to base-metal sulphides and PGM. The origin of Type III stringers is ascribed to replenishment by sheets of picritic magma injected, not as basal flows, but as sills into an earlier-formed crystalline substrate dominated by well-defined layers of norite and anorthosite. In the framework of this hypothesis, the units that characterize the UCZ are, therefore, not differentiation cycles: the ultramafic components crystallized from U-type (picritic) magmas and the norite-anorthosite from A-type (tholeiitic) magmas. The two components of the units were emplaced non-sequentially, but the ultramafic rocks (6 chromitite layers and/or chromite stringers) still occur in stratigraphic sequence relative to each other. Type III stringers developed on either the lower or upper contacts of the picritic magma sheets, dependent on whether they were emplaced above or below a layer of anorthosite. Nucleation of Cr-spinel was triggered by contamination of the picritic magma by partial melting of the anorthosite. Melting of low-temperature oikocrysts of pyroxene and interstitial plagioclase produced a thin boundary layer of melt mush. This boundary layer achieved rapid saturation in Cr-spinel, in part owing to Cr 2 O 3 released from the pyroxene oikocrysts. Heat was insufficient to melt the main framework of plagioclase crystals in the anorthosite or the noritic wall-rocks. The different occurrences of chromite in the Bushveld should not be aggregated into a single 
INTRODUCTION
A distinctive feature of the Rustenburg Layered Suite (RLS), the most widely studied component of the Bushveld Complex, South Africa, is the occurrence of relatively thick layers of chromitite (e.g. Hall, 1932; Fourie, 1959; Cameron, 1964; Wager & Brown, 1968; Schuurman et al., 1998) . The use of Cr-spinel as a petrogenetic indicator for magmatic systems has long been known (Irvine, 1967) , and one reason the Bushveld chromitites have been examined in such detail is that they may provide an insight into the origin of igneous layering. After the role of crystal settling in tholeiitic magmas was questioned (e.g. Bottinga & Weill, 1970; McBirney & Noyes, 1979; Naslund & McBirney, 1996) , investigations into the Bushveld chromitites led Eales & Reynolds (1986) and Eales (1987) to suggest that in situ growth of Cr-spinel was a key process.
There is no consensus on the formation of chromitites, but the possibility of nucleation of Cr-spinel being triggered by mixing of new and resident magmas (Irvine, 1977a ) is widely supported. Eales (1987) applied this hypothesis to the Bushveld by proposing a model in which the magma chamber was periodically replenished by fresh magma batches, fed as basal flows that mixed with the column of differentiating resident magma. The mechanism of magma replenishment within this hypothesis was after Huppert & Sparks (1981) . This style of magma mixing has, however, been challenged, in part from investigations into the origin of platinum group element (PGE) reefs, although we have in turn questioned the dynamics of fountains and plumes proposed by, for example, Campbell et al. (1983) . The sill-like shape of the Bushveld magma chamber(s) is consistent with magmas having been fed laterally; thus the concept of lateral mixing as a possible mechanism of forming chromitites and PGE reefs was proposed (Scoon & Eales, 1989; Scoon & Teigler, 1994) .
In a departure from the concept of laterally injected basal flows, Mitchell & Scoon (2007) suggested that the Merensky Reef may have crystallized from sheets of ultramafic magma emplaced as sills into an already crystalline noritic-anorthositic substrate. According to this hypothesis, the two components of the units that are so characteristic of this part of the column are bimodal; that is, the ultramafic (6 chromitite layers and/ or chromite stringers) and the noritic-anorthositic components are ascribed to discrete magma lineages. Moreover, they formed non-sequentially: for a given height (or unit), the norite-anorthosite is older than the ultramafic rocks. This hypothesis was based on detailed investigations at the Winnaarshoek locality, in the Eastern Limb of the intrusion, where the wide reef facies is more suitable for detailed analysis than the narrow reefs that characterize the proximal facies of the Rustenburg area (Fig. 1) . Geochemical profiles through the Merensky Reef pyroxenite at Winnaarshoek (based on millimetre-spaced electron microprobe data) are consistent with multiple pulses of magma within composite sills. This hypothesis is applicable to other areas in the Bushveld, as well as other ultramafic layers, including chromitites (Mitchell & Scoon, 2007; Scoon & Mitchell, 2012a) . A similar hypothesis of injection of ultramafic sills into an earlier formed, complexly layered column has been applied to the harzburgite layers in the Platreef Unit of the Northern Limb (Mitchell & Scoon, 2012) . Moreover, the U-Pb geochronology of zircon crystals from a section of the RLS in the Western Limb has been reconciled by Mungall et al. (2016) with replenishment of some of the ultramafic components by sills.
Here we continue to evaluate the possibility that some ultramafic magma sheets were injected as sills, by investigating thin stringers of disseminated chromite. The new data are concentrated on the Winnaarshoek locality, for which detailed maps and sections have been provided by Mitchell & Scoon (2007) . We also describe a thin selvage of Cr-spinel associated with a protuberance of the Driekop pipe, as this has a bearing on our interpretation. The classification of the Bushveld chromite layers into the four types proposed by Scoon & Teigler (1994) is reviewed, as this new contribution builds on this earlier work.
THE BUSHVELD COMPLEX
Three distinct groups of igneous rocks are recognized within the Bushveld Complex, South Africa (Hall, 1932; Tankard et al., 1982; Von Gruenewaldt et al., 1985; Walraven et al., 1990) . The oldest is the Rooiberg Group, a giant rhyolitic extrusive event that flooded the centre of the Palaeoproterozoic Transvaal Basin, resulting in huge thicknesses of felsite (rhyolite) and subordinate granophyre (Fig. 1) . The RLS was emplaced beneath this felsite capping, discordantly into the underlying, mostly metasedimentary rocks of the Transvaal Supergroup. The youngest component is the Lebowa Granite Suite. Here thick sheets of granite and granophyre overlie or have intruded into the upper part of the RLS. All three components of the Bushveld Complex are thought to have formed in a relatively short interval, possibly as a result of a mantle plume (Hatton & Schweitzer, 1995; Cawthorn & Walraven, 1998; Zeh et al., 2015) . The RLS has been dated at 2Á055 Ga (Scoates & Friedman, 2008) . The U-Pb geochronology of Mungall et al. (2016) has confirmed the age of the RLS (2Á05628 6 0Á15 to 2Á055540 6 27 Ga), as well as restricting the duration to at least 0Á6 Myr.
RUSTENBURG LAYERED SUITE
The RLS crops out in three arcuate limbs or lobes: Eastern, Western, and Northern (Fig. 1) . Smaller satellite bodies are not shown for reason of scale. The limbs and satellites are envisaged as discrete inclined sheets or giant sills, rather than a single lopolith (Scoon & Teigler, 1994) . Hall (1932) divided the RLS into zones using an informal stratigraphy that includes distinctive marker layers (Fig. 2) . The unconformable nature of the basal contact, especially in comparison with the nearplanar upper contact, is emphasized. Zones and layers located higher in the stratigraphy are, therefore, the most laterally persistent, thus the Upper Zone (UZ) has a strike length far greater than the Lower Zone (LZ).
There is no consensus on formation of the RLS, but field relationships are consistent with layering having developed incrementally from repeated episodes of magma replenishment (Truter, 1955; Schwellnus et al., 1962; . Inflation of the $9 km thick column by emplacement of multiple magma sheets may have followed a similar pattern to the growth of some granitic plutons (Miller et al., 2011) . Some magma sheets may have been emplaced non-sequentially (Coertze, 1958; Mitchell & Scoon, 2007; Mungall et al., 2016) . The layered nature of all three components of the Bushveld Complex can be linked to injection of magmas into a giant metasedimentary basin.
The incremental addition of multiple magma batches places constraints on the existence of large reservoirs of magma, whether rhyolitic, basaltic, or granitic. Moreover, shallow crustal chambers would have crystallized relatively rapidly, despite the convection expected within basaltic magmas, particularly in the sill-shaped limbs. Comparison with processes identified in the much smaller, funnel-shaped Skaergaard intrusion (e.g. Wager & Brown, 1968; McBirney & Naslund, 1990; Irvine et al., 1998 ) is liable to be problematic and the absence of a roof chill from the RLS (there is no Upper Border Group equivalent: Scoon & Mitchell, 2012b ) is emphasized.
PARENTAL MAGMAS
Sr isotopic systematics demonstrate that multiple lineages of parental magma are necessary to model the different zones of the RLS (e.g. Hamilton, 1977; Kruger & Marsh, 1982; Harmer & Sharpe, 1985; Kruger, 2005) . The existence of two broad variants, that is, ultramafic (U-type magmas) and tholeiitic (A-type), as pioneered by Irvine et al. (1983) and Sharpe & Irvine (1983) for the lower part of the sequence, and in part from studies of the footwall sills and Marginal Zone (MaZ) by Sharpe (1981) , is widely accepted. Chilled margins associated with the LZ support the existence of komatiitic magmas within the U-type lineage (Wilson, 2012; Maier et al., 2016a) . Some U-type magmas were chromite-saturated (Eales, 2000) and charged with abundant phenocrysts of chromite (Eales, 2002; Eales & Costin, 2012) . Tholeiitic magmas with a discrete Sr isotopic signature were recognized by Sharpe (1985) and Mitchell et al. (1998) from the norite and gabbronorite sequences of the Lower Main Zone (LMZ). A major injection of magma was identified by Klemm et al. (1985) and Cawthorn et al. (1991) to have occurred at the base of the Upper Main Zone (UMZ); that is, at the height of the Pyroxenite Marker. The magnetite gabbros and Timagnetite layers of the UZ, although interpreted by most researchers as the fractionated residue of the underlying zones (e.g. Wager & Brown, 1968; Cawthorn & Ashwal, 2009) , have been ascribed to a discrete group of ferrobasaltic magmas (Scoon & Mitchell, 2012b) .
CHROMITITE LAYERS
Chromitite layers in the Eastern Limb and Western Limb are restricted to the Lower Critical Zone (LCZ), which is wholly ultramafic, and to the Upper Critical Zone (UCZ), in which pyroxenites (and minor harzburgite) are intercalated with norite and anorthosite (Fig. 2) . The absence of chromitite layers in the LZ (despite the presence of disseminated Cr-spinel), the 'spinel gap' of the LMZ-UMZ, and the occurrence of Ti-magnetite as the spinel phase in the UZ were described by Wager & Brown (1968) . Chromitite layers in the LCZ are interlayered with harzburgite and feldspathic orthopyroxenite (hereafter pyroxenite), whereas chromitite layers in the UCZ are intercalated with a broad range of lithologies including pyroxenite, norite, and anorthosite (Fig. 3a) . Field evidence, including xenoliths and sharp basal contacts ( Fig. 3b-d ), is consistent with the chromitite layers having formed as a consequence of repeated phases of magma recharge.
The chromitite layers have traditionally been divided into three groups, Lower Group (LG1-7), Middle Group (MG1-4), and Upper Group (UG1-2), a system developed by Cousins & Feringa (1964) for the Western Limb and applied to the Eastern Limb by, for example, Hatton & Von Gruenewaldt (1987) and Lee & Parry (1988) . The MG layers straddle the boundary of the LCZ-UCZ (Fig. 2) . The Eastern Limb typically includes two layers, MG5 and UG3 (Gain, 1985) , which are not found in the Western Limb. The occurrence of multiple layers requires some adroit numbering skills; for example, MG2 may consist of four discrete layers (MG2A-D) and UG1 includes thin layers and stringers that splay off the main layer (e.g. Wager & Brown, 1968; Nex, 2004; Voordouw et al., 2009) . The sequence of chromitite layers reveals substantial differences between the different compartments or sectors within each limb (Hatton & Von Gruenewaldt, 1987; Scoon & Teigler, 1994; Schuurman et al., 1998) . The northern sector of the Eastern Limb, in which Winnaarshoek and Driekop are located (Fig. 4) has a thick succession of LG chromitites, less well-developed MG chromitites, and three prominent UG chromitites.
The UCZ includes, in addition to the thick chromitite layers, thin stringers of disseminated chromite. Stringers may occur entirely independent of the thick layers. Stringers are generally observed at lithological contacts, particularly between harzburgite or pyroxenite and anorthosite. The Bushveld stringers may be compared with the thin seams of Cr-spinel found in the Rum Intrusion, Scotland, which occur on or close to contacts between peridotite and anorthosite (O'Driscoll et al., 2010) . A feature of the Bushveld stringers is that they may be overlain (as well as underlain) by anorthosite. A well-known example, which has been delineated over a distance of 70 km between Jagdlust and Steelpoort (Fig. 4) , occurs at the base of the prominent layer of anorthosite located between the MG2-MG3 chromitites (Fig. 3e) . This stringer has been widely remarked upon (e.g. Sharpe, 1986; Scoon, 2016 ) and was possibly first described by Cameron (1982) . The dimpled nature of the stringer results in an orbicular texture on a layering plane (Fig. 3f) .
Classification of chromitite layers and chromite stringers in the RLS
In the classification proposed by Scoon & Teigler (1994) , which builds on, rather than replaces the traditional approach described earlier, four groups of chromitite layers and chromite stringers are identified. The LG, MG, and UG chromitites are separated based on stratigraphic height into Type I (LCZ) and Type II (UCZ). A further subdivision is based on changes in the layering with height, as follows.
(1) Type Ia: LG1-LG4 (layers in the lower part of the LCZ are intercalated with harzburgite and pyroxenite).
(2) Type Ib:
LG5-MG1 (layers in the upper part of the LCZ occur wholly in a pyroxenitic sequence).
(3) Type IIa: MG2-UG1 (layers in the lower part of the UCZ are associated with pyroxenite, norite and anorthosite).
(4) Type IIb: UG2-UG3 (layers in the upper part of the UCZ occur in the most complexly layered section, which includes harzburgite, pyroxenite, norite and anorthosite).
This grouping reveals regular, upward progressions in the chromitite layers, not a chaotic pattern, which includes changes in the chemistry of the Cr-spinel, total concentrations of the PGE, inter-element ratios of the PGE, and proportion of base-metal sulphides. The data presented in Fig. 5 are restricted to the Swartklip facies in the Western Limb (Fig. 1) . These chromitites were suggested by Scoon & Teigler (1994) to have formed sequentially in conjunction with the ultramafic layers (harzburgite and pyroxenite) with which they are generally juxtaposed from mixing of new basal flows with the resident magma; that is, the hypothesis of Eales & Reynolds (1986) and Eales (1987) [in turn after Irvine (1977a) as noted above]. These data can, however, also be reconciled with the sill hypothesis, assuming systematic changes in deeper staging chambers, as discussed by Mitchell & Scoon (2007) , but they are not compatible with the seemingly random injection of chromitites envisaged by Mungall et al. (2016) . The chromitite layers are in stratigraphic sequence relative to each other. These data do not, however, reveal any insight into the relationship between the ultramafic rocks (6 chromitite) and the noritic-anorthositic cumulates of the UCZ.
The systematic nature of the chromitite layers and their associated ultramafics is supported by their propensity to pothole downward through underlying ultramafic layers. The most well-known example is the potholing of the Merensky Reef (e.g. Cousins, 1969; Vermaak, 1976; Campbell, 1986; Viljoen & Hieber, 1986; Eales et al., 1988; Viljoen, 1999; Latypov et al., 2015; Viljoen, 2016) , which in extreme circumstances may breach the UG2 and UG1 chromitites .
The step-like increase in the PGE content of the four groups of chromitite with stratigraphic height (Fig. 5) suggests an episodic process that was repeated 20 or 30 times (i.e. lateral mixing or the sill emplacement model) rather than the one or two catastrophic events envisaged by Campbell et al. (1983) . An additional feature of note is the abrupt increase in the content of whole-rock Cu (and base-metal sulphides) from the UG2 and above; this is associated with the reintroduction of olivine into the succession (Scoon & De Klerk, 1987) .
Two additional categories of chromite were identified by Scoon & Teigler (1994) : Type III stringers of 'reaction' chromite and Type IV stringers associated with pegmatoidal facies. Stringers occur independent of the stratigraphic correlation implicit in Type I and Type II. The occurrence of chromite stringers in the uppermost part of the UCZ of the Western Limb, over and above the thick UG1 and UG2 layers, was investigated by Eales & Reynolds (1986) . Three examples are highlighted (Fig. 5) . Stringers occur on the rims of the 'Pseudoreefs', the multiple layers of harzburgite located between the UG2 and the Merensky Reef Scoon & De Klerk, 1987) . Two stringers are generally associated with the Merensky Reef (Wagner, 1929; Fig. 5 . The thick layers of chromitite at Swartklip, Western Limb, reveal regular changes with stratigraphic height. Type I chromitite of the LCZ is divided into two discrete groups, as is Type II chromitite of the UCZ, in part on the basis of changes in the layering with height. The sequence above the UG2 includes prominent ultramafic layers, including the Merensky Reef with thin chromite stringers (Type IIb, III, or IV). Based largely on data of Scoon & Teigler (1994) but modified by Mitchell & Scoon (2007) with additional data from Eales & Reynolds (1986) , , Scoon & De Klerk (1987) . Viljoen & Hieber, 1986; Barnes & Maier, 2002; Vukmanovic et al., 2013; Latypov et al., 2015; Viljoen, 2016) . A chromite stringer invariably occurs at the base of the Bastard Reef (Wagner, 1929; Vermaak, 1976) .
Categorization of chromite stringers is subjective. Stringers associated with the Pseudoreef unit, for example, may be grouped as either Type IIb or Type III, as can the uppermost of the two Merensky stringers (Fig. 6a) . The unusual texture of the lowermost of the two Merensky stringers, however, which is composed of loosely packed grains with distinctive anhedral textures (Fig. 6b) , first recognized by Wagner (1929) and described further by Eales & Reynolds (1986) , is consistent with the Type IV grouping. The unusual texture has been related to development of the pegmatoid (Wagner, 1929; Nicholson & Mathez, 1991) .
Thin selvages of Cr-spinel have been described from some discordant features in the RLS. One example occurs in the Boulder Bed, a marker layer in the Rustenburg area (Viljoen & Hieber, 1986; Maier & Barnes, 2003) . Here, spheroids or boulders of pyroxenite, which are located in an anorthositic matrix, reveal selvages of Cr-spinel on basal contacts. Lee et al. (1983) described this as a reaction feature, forming the basis for our application of this terminology to Type III stringers.
Chromitite and anorthosite
The spatial association of chromitite layers and anorthosite is an unusual characteristic of the UCZ. The most spectacular example is UG1. Characteristic features of UG1 at the Dwarsriver National Monument include the presence of irregularly aligned slabs of anorthosite in the basal part of the chromitite and the occurrence of multiple, bifurcating layers or stringers in the footwall anorthosite (Fig. 7a ). Many anorthosite layers constitute important markers; for example, the Main Mottled anorthosite (Fig. 2) . Two variants of anorthosite are recognized. The 'spotted' anorthosite is constrained by an IUGS recommendation of >90 modal % plagioclase (and is gradational into leuconorite), but the modal proportion of pyroxene in the 'mottled' anorthosite may attain 25%. Some anorthosite layers contain both spots (mostly orthopyroxene) and mottles (orthopyroxene and clinopyroxene). The spots are interpreted as primocrysts. The size and shape of mottles is very variable (Fig. 7b and c). They are interpreted as oikocrysts that nucleated after the main framework of plagioclase had crystallized. Dendritic mottles in the UG1 footwall anorthosite are an unusual variant (Fig. 7d ). Mottles enclose a later generation of (smaller, anhedral) grains of plagioclase. Some anorthosite layers in the UCZ are so infused with disseminated Crspinel that they can be described as chromitiferous anorthosite; for example, the Middle Group Anorthosite marker and the chromite-anorthosite migmatite associated with UG1 (Fig. 7e) . The composition of oikocrysts in some anorthosite layers is markedly differentiated relative to stratigraphic height. The Mg/(Mg þ Fe 2þ ) ratio of clinopyroxene in the upper part of the Giant Mottled anorthosite is 66, for example, compared with the composition of the cumulus orthopyroxene (82) in the lower part (Scoon & Mitchell, 1994) . Some anorthosite layers contain minute grains of Ti-magnetite (and/ or needles of magnetite exsolved in the plagioclase), further indication of the evolved nature of the trapped interstitial melt. The magnetic nature of anorthosite layers assists with unravelling the stratigraphy in areas where PGE reefs are exploited (Viljoen & Scoon, 1985) .
CHROMITE STRINGERS AT WINNAARSHOEK AND DRIEKOP Winnaarshoek
A distinctive feature of the UCZ at Winnaarshoek is the relative thickness and dominance of norite and anorthosite (Wagner, 1929; Mitchell & Scoon, 2007) . A comparison with the equivalent succession at Swartklip reveals two principal differences. First, the interval between UG2 and the Merensky Reef is over 400 m in thickness at Winnaarshoek, as compared with <30 m at Swartklip . Second, harzburgite and pyroxenite are distinctly subordinate to norite and anorthosite at Winnaarshoek, whereas the succession at Swartklip is dominantly ultramafic (Scoon & De Klerk, 1987) . A simplified stratigraphic column based on drill-hole WH-1 shows part of the UCZ and LMZ at Winnaarshoek ( Fig. 8 ). Chromitite layers (UG2, UG3, and UG3A) and chromite stringers (Cr) are restricted to the UCZ. Anorthosite occurs in both the UCZ and the LMZ. The UCZ, including the occurrence of UG3 and UG3A, is similar to the succession at Maandagshoek described by Gain (1985) .
The UG3 is a compact, 15-30 cm thick layer of chromitite overlain by layers of pyroxenite and harzburgite.
The harzburgite contains two or three thin (5-25 mm) chromitite layers (UG3A). The UG3 and UG3A chromitites (Type IIb) are relatively rich in PGE (grades of 3-5 g t -1 from mining assays), although they are too thin to exploit. A chromite stringer (Type III) located on the contact between the uppermost layer of pyroxenite in the UG3 unit and anorthosite is a regionally persistent marker ( Fig. 9a and b) . Mitchell & Scoon (2007) ]. Some of the thin chromite stringers constitute laterally persistent markers ('Cr'); others are more sporadically developed ('Cr?'). Datum is the Merensky upper chromite stringer (MRUCR). The latter was sampled from drill-hole WH-31. The typical height at which PGE are concentrated in the Merensky Reef pyroxenite at Winnaarshoek is shown schematically ('Reef'), although the data of Mitchell & Scoon (2007) showed the variability of the grade profile on a 5 m lateral spacing.
Multiple chromite stringers (Type III) occur in association with poorly defined layers of Merensky Footwall pyroxenite, located some few metres below the Merensky Reef. The stringers may occur on lower and upper contacts of pyroxenite layers, but only where juxtaposed to anorthosite. A chromite stringer (Type III) occurs at the base of the Merensky Reef Footwall pyroxenite where it overlies an anorthosite. Despite similarities to the Merensky Reef, the various footwall pyroxenite layers have PGE levels below the lower limit of determination (mining assays). They may have a discordant relationship in comparison with the Merensky Reef pyroxenite (Vermaak, 1976) . A definitive stratigraphy has not been established for this section of the column owing to the complexity of the layering. The chromite stringers clustered below the Merensky Reef are thin (0Á5-2 mm), sporadically developed and do not constitute markers. An additional problem is that the stringers are so thin that they are not resistant to grinding and may not always be preserved in drill cores.
The Merensky Reef Footwall pyroxenite is overlain by an erratically developed layer of pyroxenite pegmatoid. The pegmatoid is generally poorly mineralized and is separated from the high PGE grades that occur in the upper part of the Merensky Reef pyroxenite (Mitchell & Scoon, 2007) . The lower of the two Merensky chromite stringers (Type IV) is an irregular, poorly developed feature that overlies the pegmatoid. In comparison, the upper stringer (Type III?) constitutes a regular, planar feature that has been delineated for several kilometres in both outcrop (Fig. 9c ) and in old mine workings (Fig. 9d) . The upper stringer is unusual as it occurs wholly within the pyroxenite, not on a lithological contact. The irregular contact of the Merensky Reef pyroxenite with the hanging wall (leuconorite or spotted anorthosite) contrasts with the regularity of this stringer ( Fig. 9e and f) , as discussed by Mitchell & Scoon (2007) .
The chromite stringer (Type III) located at the base of the Bastard Reef pyroxenite is a regional feature that occurs throughout large sections of the intrusion (Vermaak, 1976) . The Bastard Reef is so named as it resembles the Merensky Reef yet is generally very poor in PGE (Wagner, 1929) . At Winnaarshoek, the Bastard Reef consists of two discrete layers of pyroxenite separated by norite. A chromite stringer (Type III) has been observed on the upper contact of the uppermost of the two layers of pyroxenite, but only in one drill-hole depth 196Á2 m) . This feature has not previously been reported and represents the stratigraphically highest occurrence of chromite in the RLS.
Driekop
The Driekop pipe is a large (300 m diameter), semiconcentrically zoned body dominated by an annular unit of dunite (Wagner, 1929) . The pipe dunite has a similar composition (olivine: Fo 85-83 ; accessory Crspinel) to dunite layers from the LZ (Scoon & Mitchell, 2009) . The 91 m level mine workings reveal a sill-like body of dunite intruded between layers of leuconorite and anorthosite (Fig. 10) . The dunite sill peters out in the roof of the mine workings, thus preserving the primary stratigraphy on one sidewall. The composition of the sill is similar to the main body of dunite and is, therefore, interpreted as an apophysis of the main pipe. A selvage of Cr-spinel was observed on the contact of the sill with the anorthosite, but not on the contact with the norite.
SAMPLING AND ANALYTICAL METHODS
Samples of the chromite stringers investigated here were obtained from cores WH-1 and WH-31, two of the drill-holes reported on by Mitchell & Scoon (2007) . Sample numbers relate to depth in the drill-holes, as plotted on the stratigraphic column for WH-1 (Fig. 8) . UG3HW Stringer (WH-1/422.2) occurs in the UG3 unit on the contact between pyroxenite and anorthosite (Fig. 9b) . MFCR Stringer (WH-1/64.4) occurs on the contact between one of the Merensky Footwall pyroxenite layers and anorthosite. MRUCR Stringer , the upper of the two Merensky stringers, is located within the Merensky Reef pyroxenite (Fig. 9c-f) .
Polished thin sections were prepared for each sample with electron microprobe analysis (EPMA) data acquisition undertaken at Rhodes University on a Jeol JXA 8230 Superprobe using four wavelengthdispersive (WD) spectrometers. Analytical conditions employed for analyzing major and minor elements in chromite and associated silicates were: acceleration voltage 15 kV, probe current 20 nA, counting time 10 s for peak and 5 s for each lower and higher background, respectively, beam size $1 lm. The standards used for measuring the characteristic Ka radiations were natural minerals, and a ZAF matrix correction was used for quantification. The wavelength-dispersive spectrometry (WDS) element maps were acquired in stage mode, using 15 kV accelerating voltage, 50 nA beam current and 10 ms dwell time.
Petrography
The UG3HW Stringer varies in thickness between 0Á2 and 0Á5 mm and forms an irregular feature on the scale of a microscope section (Fig. 11a) . Parts of the stringer are composed of disseminated aggregates of Cr-spinel (50-200 mm in size) piled a few grains thick (Fig. 11b) , whereas others consist of single grains of Cr-spinel (Fig. 11c) . The single grains of Cr-spinel are euhedral to subhedral and are intercalated with small, angular grains of plagioclase. Larger grains of plagioclase poikilitically enclose the Cr-spinel aggregates. The orthopyroxene located immediately above the stringer is distinguished from the orthopyroxene higher in the anorthosite (or lower in the pyroxenite) by coronas of greenish clinopyroxene (Fig. 11b and c) . Small grains of phlogopite located on the margins of the stringer appear to have nucleated on the Cr-spinel ( Fig. 11a and b) . The anorthosite is dominated by coarse interlocking grains of plagioclase, with orthopyroxene restricted to either small interstitial grains or larger oikocrysts that enclose anhedral grains of plagioclase (Fig. 11d) .
The MFCR Stringer consists of loosely packed grains of Cr-spinel separated by interstitial orthopyroxene and plagioclase (Fig. 12a) . Orthopyroxene with the distinctive coronas has recrystallized on some of the grains of Cr-spinel. The anorthosite above the stringer includes wholly anhedral grains of orthopyroxene (Fig. 12b) . The pyroxenite below the stringer is dominated by an interlocking framework of orthopyroxene, minor plagioclase, $5 modal % olivine, and small grains of a magnetic spinel.
The MRUCR Stringer contains two textural types of Cr-spinel ( Fig. 12c and d) : small, sub-rounded grains (smaller than 300 mm) and larger, anhedral aggregates (500-700 mm). The larger aggregates are probably recrystallized, annealed features similar to those described by Eales & Reynolds (1986) . Some of the grains of Cr-spinel reveal relict cores. The grains and aggregates of Cr-spinel are embedded in poikilitic plagioclase, similar to that observed in the UG3HW Stringer. Orthopyroxene is a very minor constituent, despite the stringer occurring wholly within pyroxenite. Small, highly irregular grains of clinopyroxene also occur in this stringer.
Backscattered electron images confirm that interstitial sites within the UG3HW Stringer are infilled by plagioclase (Fig. 13a) . All three stringers examined here contain small grains of base-metal sulphides, including pyrrhotite, as well as discrete platinum-group minerals (PGM) (Fig. 13b) . The PGM, which are notably abundant in the MRUCR Stringer, as expected, are closely associated with base-metal sulphides. Some of the PGM occur within interstitial spaces between grains of Cr-spinel, and others occur within the silicate matrix.
The three stringers contain small quantities of rutile, corundum, and zircon. The rutile occurs as sub-millimetre-sized euhedral grains, either within or at the margins of grains of Cr-spinel ( Fig. 13c and d) . Rutile was not observed other than attached to Cr-spinel. Another unusual phase noted in the stringers is baddeleyite, a mineral described from the RLS by Olsson et al. (2010) .
WDS element mapping
WDS element mapping of the three stringers has revealed the following: (1) the distribution of Cr suggests that the composition of the Cr-spinel is reasonably homogeneous (Fig. 14a) ; (2) the distribution of Al shows that most of the Cr-spinel grains are enveloped by plagioclase (Fig. 14b) ; (3) the distribution of Fe is controlled by Cr-spinel and orthopyroxene (Fig. 14c) ; (4) the distribution of Mg and Ca suggests that clinopyroxene formed from reactions between orthopyroxene and plagioclase proximal to stringers (Fig. 14d and e) ; (5) the distribution of Ti confirms the spatial relationship between rutile and Cr-spinel (Fig. 14f) ; (6) small inclusions of orthopyroxene suggest an older generation of Cr-spinel forms relict cores within some grains of chromite (Fig. 15a-c) ; (7) base metal sulphides and PGM occurring as inclusions within the Cr-spinel grains enclose the relict cores (Fig. 15d) . 
Mineral compositions
The compositions of selected grains of Cr-spinel analysed by electron microprobe are presented in Table 1 (see also Supplementary Data; supplementary data are available for downloading at http://www.petrology. oxfordjournals.org). The average Cr 2 O 3 content in Stringers 1, 2, and 3 is 42Á38 wt %, 39Á18 wt % and 43Á27 wt %, respectively. The Cr-spinel in all three stringers has relatively low Cr/Fe ratios in comparison with Cr-spinel in Type II chromitite [data from Swartklip after Scoon & Teigler (1994) ]. A similar relationship was reported by Eales & Reynolds (1986) between the chromite stringers at Swartklip and the UG1 and UG2 chromitites. The Cr-spinel in UG3HW Stringer has an unusually high Cr/(Cr þ Al) ratio owing to the low content of Al 2 O 3 . The Cr-spinel in the UG3HW Stringer has the highest Mg/(Mg þ Fe 2þ ) ratio of the three stringers. The magnetic spinel found in the pyroxenite below the MFCR Stringer has a considerably lower Cr 2 O 3 content (average of 11Á65 wt % for grains located 2 mm below the stringer; 9Á71 wt % at 3 mm below the stringer) than the Cr-spinel in the stringers. The magnetic spinel has relatively low contents of Al 2 O 3 and MgO, but is high in FeO and Fe 2 O 3 . This spinel is categorized as chromian magnetite and is associated with serpentinization of the olivine.
The Cr-spinel from the three stringers defines relatively well-constrained clusters on a plot of the trivalent cations (Fig. 16a) . For comparative purposes, data for the chromites from Swartklip (as shown in Fig. 5 ) are plotted on this diagram. Differences between the stringers (both Winnaarshoek and Swartklip) and the thicker layers are relatively subtle, although each of the three stringers at Winnaarshoek reveals a high degree of homogeneity. The composition of the Cr-spinel from the MRUCR Stringer overlaps with the field defined by UG2 (Type IIa). The chromian magnetite from the MFW Stringer plots in an entirely separate field. The plot of Mg/(Mg þ Fe 2þ ) versus Cr/(Cr þ Al) suggests that the relative thickness of the three stringers may influence their composition (Fig. 16b ). An additional feature of note is that the Cr-spinel in the basal part of MFCR Stringer has a slightly higher Cr/(Cr þ Al) ratio when compared with grains from the upper part. Further, the Cr-spinel from the upper part of this stringer reveals a relatively wide scatter on this plot. The MRUCR Stringer, the thickest of the three samples investigated here, reveals minor compositional differences between the small grains of Cr-spinel [lower Mg/(Mg þ Fe 2þ ) ratio] and the larger aggregates. The rutile found as inclusions in the Cr-spinel, as well as at the margins of the Cr-spinel grains, has an average Cr 2 O 3 content of 0Á71 wt %, FeO of 0Á17 wt %, and virtually no MgO ( observed in orthopyroxene or clinopyroxene associated with the three stringers. The orthopyroxene from the layers of pyroxenite juxtaposed with the stringers has average Cr 2 O 3 contents of 0Á46-0Á48 wt %. Small grains of orthopyroxene from the chromite stringer have notably lower Cr 2 O 3 contents (0Á41 wt %). The clinopyroxene present as coronas (UG3HW Stringer) or as small grains (MRUCR Stringer) has an average Cr 2 O 3 content of 0Á76-0Á82 wt %. The average anorthite (An) content of plagioclase from the three chromite stringers and the juxtaposed layers of anorthosite is extremely variable: An 65Á7 to An 98 (Table 3) . Typically, the plagioclase within the stringers is more calcic than the plagioclase in the anorthosite. The extremely calcic nature of some of the plagioclase in the stringers is emphasized. A compositional profile of plagioclase from the UG3HW Stringer and the basal part of the overlying anorthosite is informative (Fig. 17) . The subhedral grains of plagioclase from the anorthosite (An 74-84 ) show a normal zonation, but reverse zonation is observed in the more calcic, anhedral grains of plagioclase within the stringer (An 78-87 ). The highest An content is found on the upper contact of the stringer (An 98 ).
DISCUSSION
There is so little agreement on the origin of the complex units of ultramafic rocks and norite-anorthosite, for which the UCZ is so renowned, that it is impracticable to evaluate all of the competing hypotheses. The origin of Type III stringers is, therefore, sought solely within the framework of the sill hypothesis of Mitchell & Scoon (2007) . New batches of picritic magma were injected, not as basal flows, but as composite sheets into crystalline substrates of norite-anorthosite (Figs 7f  and 18 ). This mode of emplacement is consistent with interpretation of stringers located on the pyroxenite-anorthosite contacts as magmatic-reaction features. This process occurred more or less in situ on the margins of magma sheets. This hypothesis was first applied to the thin chromite stringers associated with the Pseudoreefs and Merensky Reef (Mitchell & Scoon, 2007) . Mungall et al. (2016) envisaged the chromite stringer located on the contact between the UG2 pyroxenite and anorthosite in the Rustenburg-Brits areas in a similar manner. This latter stringer is a well-known marker that contains substantial PGE (Scoon & Teigler, 1994) .
The possibility of the Merensky Reef pyroxenite at Winnaarshoek having crystallized from a different magma lineage from that associated with the noriticanorthositic footwall and hanging wall is supported by the unpublished Sm-Nd isotopic data of Prevec et al. (2016) . The Reef pyroxenite is ascribed to an ultramafic parental magma contaminated by more radiogenic, older crust at depth; the hanging wall and footwall sequences to a batch of tholeiitic magma with either similar amounts of less radiogenic (i.e. younger) contaminant or lesser (5%) amounts of the same ancient contaminant. The Sr isotopic data of Lee & Butcher (1990) for the Merensky and Bastard units in this sector are also consistent with this hypothesis, as discussed in some detail by Mitchell & Scoon (2007) .
In this regard we need to correct a misconception of Latypov et al. (2015) , who presented a diagram (their fig. 6 ) based on our earlier work, which showed the Bastard Reef as potholing through the Merensky Reef, thus supposedly disproving the sill hypothesis. Their understanding of the sill hypothesis advanced by Mitchell & Scoon (2007) is incorrect as they suggested we were modelling the entire Merensky unit as a sill, not just the lower, ultramafic part. To reiterate, the ultramafic magma sheet from which the Merensky pyroxenite crystallized is conceptualized to have been injected beneath the earlier-formed noritic-anorthositic component of the Merensky unit. Whether the noritic-anorthositic component of the Bastard unit was part of the column at this stage (as we suspect) is difficult to ascertain, but at no point was it suggested that the Bastard Reef had already formed. Potholing of the Bastard Reef into the Merensky Reef may demonstrate the relative ages of the ultramafic components of these two units (which, as we have emphasized above, occur in stratigraphic sequence), but sheds no light on the origin of the intercalated noritic-anorthositic components. To imply that our hypothesis has such an elemental flaw as potholing of the Bastard Reef into the Merensky Reef, after so many years of fieldwork is embarrassing. The concept that some of the new influxes of picritic magma injected into the UCZ were chromite-saturated (Eales, 2000) resolves the much debated problem of the chromium budget. It is shifted either to deeper staging chambers or to the mantle source (Eales & Costin, 2012) . [This requirement that Bushveld parental magmas are anomalously enriched in chromite, orders of magnitude above the maximum Cr 2 O 3 solubility limit in basaltic melts, was ignored by Latypov et al. (2015) in their discussion of the Merensky chromite stringers.] The anomalous enrichment of the Bushveld parental magmas is consistent with the unusual composition of the Kaapvaal lithospheric mantle (e.g. Carlson & Moore, 2004; Richardson & Shirey, 2008; Janney et al., 2010) , as discussed by Eales & Costin (2012) . For example, Crphases present in peridotite xenoliths sampled by kimberlite include Cr-rich garnet, Cr-diopside and Cr-rich spinel. Zoned spinels can reveal a wide range of compositions (from hercynitic spinel to Mg-chromite to chromite) in the same peridotite sample and have either Cr-or Fe-rich rims. The composition of spinels, which may have evolved during partial melting or metasomatism of the peridotite, is highly sensitive to P-T-X changes (e.g. Dick et al., 1984) .
Field relationships (e.g. fig. 17 of Mitchell & Scoon, 2007) are consistent with some parental magmas having been so enriched in Cr-spinel phenocrysts that crystal slurries were formed, as suggested by Eales (2000) . This concept of slurries of chromite phenocrysts being essential to formation of the thicker Bushveld chromitite layers within the framework of the sill hypothesis is fairly widely accepted (e.g. Voordouw et al., 2009; Mungall et al., 2016) . Other researchers, however, recognize the significance of crystal slurries in the formation of chromitite layers exclusive of the sill hypothesis (e.g. Mondal & Mathez, 2007; Maier & Barnes, 2008) .
The absence of Type II chromitite from the uppermost part of the UCZ, that is, above the UG2 in the Western Limb (Fig. 5) or above UG3A in the Eastern Limb (Fig. 8) , suggests that a fundamental change occurred at this height in the deeper staging chambers. New batches of magma were less enriched in Cr 2 O 3 (they may, however, have been chromite-saturated in the olivine-rich Swartklip facies). The thinness of the Merensky chromite stringers at Winnaarshoek (a distal facies with sparse olivine) is an important regional difference.
Nucleation of Cr-spinel on the margins of magma sheets injected into the uppermost part of the UCZ at Winnaarshoek was triggered by contamination of the picritic magma by an anorthositic partial melt [e.g. the hypothesis of Irvine (1977b) ]. This hypothesis differs from the hypothesis of Eales & Reynolds (1986) and Eales (1987) , who argued that nucleation of the Crspinel was triggered by hybridization of the new and resident magmas. The magmatic-reaction hypothesis is consistent with the interpretation of O'Driscoll et al. (2010) for the thin seams of Cr-spinel in the Rum Intrusion (the troctolite-anorthosite footwall was partially assimilated during recharge by batches of picrite Winnaarshoek, however, is an explanation of stringers that underlie, as well as overlie anorthosite.
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0Á360 0Á008 0Á134 0Á009 0Á242 0Á017 0Á107 0Á009 0Á308 0Á033 0Á349 0Á035 0Á139 0Á007 Mn 0Á008 0Á001 0Á008 0Á001 0Á004 0Á001 0Á006 0Á001 0Á003 0Á002 0Á008 0Á002 0Á007 0Á001 0Á004 0Á001 Ni 0Á002 0Á001 0Á002 0Á001 0Á002 0Á001 0Á002 0Á001 0Á000 0Á000 0Á004 0Á001 0Á004 0Á001 0Á002 0Á001 Mg 1Á541 0Á029 1Á543 0Á017 0Á863 0Á014 1Á686 0Á026 0Á927 0Á028 1Á604 0Á037 1Á563 0Á028 0Á873 0Á009 Ca 0Á047 0Á035 0Á037 0Á011 0Á910 0Á013 0Á022 0Á008 0Á907 0Á038 0Á030 0Á006 0Á040 0Á020 0Á915 0Á018 Na 0Á000 0Á000 0Á000 0Á001 0Á021 0Á001 0Á000 0Á000 0Á008 0Á001 0Á000 0Á000 0Á001 0Á001 0Á001 0Á001 K 0 Á000 0Á000 0Á000 0Á000 0Á000 0Á000 0Á000 0Á000 0Á000 0Á000 0Á000 0Á000 0Á001 0Á001 0Á015 0Á002 Total 3Á994 0Á005 3Á990 0Á002 3Á997 0Á006 3Á996 0Á006 4Á006 0Á003 3Á994 0Á003 4Á000 0Á006 4Á002 0Á003 Mg# 0Á813 0Á006 0Á811 0Á005 0Á866 0Á007 0Á874 0Á009 0Á896 0Á005 0Á839 0Á017 0Á818 0Á017 0Á863 0Á005 *Textural context: 1, large Opx in orthopyroxenite, just below the stringer (analyses 1-15, from core to rim); 2, small Opx adjacent to chromitite stringer; 3, Cpx reaction rims on small Opx adjacent to the chromitite stringer; 4, large Opx oikocryst, including chromite grains from stringer; 5, small Cpx between Opx and chromite grains; 6, large Opx near the chromite; 7, large Opx grains near the chromite; 8, small Cpx between the Opx and chromite. Fig. 17 . A plot of the anorthite (An) content of the plagioclase from the anorthosite layer overlying the UG3HW Stringer (way up is towards the left). A marked increase in the An content of interstitial grains in the chromite stringer is pronounced. The plagioclase in the anorthosite reveals normal zoning, but the interstitial (recrystallized) grains associated with the stringer display reverse zoning. norite. Type III stringers (e.g. UG3HW; MFCR) are restricted to the upper contact of the magma sheet in this scenario (the absence of a chromite stringer from the basal contact with the norite is emphasized). The dimpling of chromite stringers (Fig. 3e) is consistent with localized partial melting of the overlying anorthosite in much the same way as the irregular basal contacts of some of the Type I and Type II chromitites. [The irregular nature of the Rum seams was similarly described by O'Driscoll et al. (2010) .] If the inverse relationship to that in Fig. 18 occurs (i.e. the picritic magma sheet was emplaced above the anorthosite) a Type III stringer would be predicted to have formed on the basal contact.
The downward-penetrating slurries of Cr-spinel crystals depicted in Fig. 18 are associated with Type II chromitite. This assumes that the new influx was chromitesaturated and thus is only applicable to the Winnaarshoek column at the height of UG3A and below. The development of Cr-spinel slurries in the sills at this height may explain why Type III stringers that overlie anorthosite are rare in this part of the column (they can be predicted to have been obliterated by the downward-penetrating slurries). Conversely, the occurrence of Type III stringers that overlie anorthosite layers in the uppermost part of the UCZ is consistent with the progression to chromite-unsaturated picritic magma sills.
The Boulder Bed and Driekop pipe provide supporting evidence that selvages of Cr-spinel develop when ultramafic magmas of the Bushveld are contaminated by partial melting of an already crystalline anorthosite.
In the case of the Boulder Bed, the selvages of Cr-spinel could have formed from reaction between globules of ultramafic magma intruded into the anorthosite. At Driekop, formation of the Cr-spinel was triggered by injection of ultramafic magmas through vertical conduits.
The systematic changes in the composition of the chromitite layers with height ( Fig. 5) do not provide any insight into the genesis of the noritic-anorthositic lithologies within the UCZ. In this regard, we would recommend that the reader refer to the contribution on the UG1 Footwall unit (MG4) by Eales et al. (1990) , which is not necessarily a "Rosetta Stone", as suggested by the authors, but certainly gives an indication of the extraordinary complexity of the UCZ. As discussed by Mitchell and Scoon (2007) , reheating and partial melting of the earlier-formed noritic-anorthositic layers (due to heat associated with later injections of U-type magma sills), may be an essential process contributing to these complexities.
The early formation of anorthosite layers can be envisaged in the light of floating rafts of relatively buoyant plagioclase (e.g. in the dominantly tholeiitic magma chamber that preceded injection of the picritic magma sheets (Mitchell & Scoon, 2007) . This hypothesis is probably the most widely accepted, although Maier et al. (2016b) have suggested that some anorthosite layers developed from crystal mushes. The evolved nature of oikocrysts in the anorthosite may be related to interstitial melts expelled from the underlying noritic cumulates (Scoon & Mitchell, 1994) . Crystallization of anorthosite prior to formation of chromitite layers is consistent with field relationships associated with UG1 (where the chromitite overlies the anorthosite); for example, the occurrence of anorthosite slabs (Fig. 7a) . The chaotic, bifurcating stringers located below UG1 (Fig. 7c) suggest that crystal slurries were intruded into, and partially melted the anorthosite footwall. The high density contrast between the Cr-spinel and the plagioclase in UG1 was emphasized by Marsh (2013) as typical of layering that may develop from injection of crystal slurries. The dendritic mottles in the anorthosite juxtaposed to the UG1 chromitite (Fig. 7d ) may have crystallized from locally derived interstitial melt that drained downwards a few centimetres, in the manner described by Mitchell & Manthree (2002) . The increased volume of partial melt generated in some localities (greater proportion of oikocrysts?) resulted in an anorthosite-chromite migmatite (Fig. 7e) . The chromitiferous anorthosite layers noted above could have formed by settling of Crspinel grains into a partially melted anorthosite. The partial melting and remobilization of the anorthositic footwall associated with the Merensky Reef potholes at Swartklip has been widely discussed (e.g. Eales et al., 1988) . The olivine-rich nature of the Merensky Reef in this sector is significant in this regard (Scoon & De Klerk, 1987) as the potholes at Winnaarshoek are both less common and far smaller. Not all anorthosite layers were as reactive as those associated with the UG1 and Fig. 18 . Schematic illustration showing injection of an ultramafic (picritic) magma sheet between earlier-formed layers of norite and anorthosite, the latter having crystallized from a tholeiitic magma reservoir. A Type III chromite stringer forms on the upper contact of the magma sheet owing to contamination of the magma sheet by a low fraction anorthositic melt. A reaction chromite does not form on the contact with the norite. A thick chromitite layer (Type II) is shown as being related to downward-penetrating chromite slurries (this would only be applicable at the height of the UG3A and below).
the Merensky Reef, however, as the UG3 chromitite, despite overlying an anorthosite, reveals a planar basal contact.
Melting of the anorthosite wall-rocks adjacent to the picritic magma sheets at Winnaarshoek was a localized phenomenon, restricted to a zone several centimetres in width. Oikocrysts of relatively iron-rich orthopyroxene and augite, together with small, late-stage grains of relatively sodic plagioclase, were preferentially melted. The selective melting of pyroxene relative to plagioclase has been investigated and described by Naslund (1986) . The eutectic melt in the thin boundary layer recrystallized as small aggregates of anhedral plagioclase and poikilitic orthopyroxene forming the matrix to Type III stringers (Fig. 11d) . This occurred on the En-An cotectic at a temperature estimated between 1270 C (the reaction point between En-Fo in the Fo-En-SiO 2 ternary system) and 1210 C (the En-An-SiO 2 eutectic at low pressure), as described by Winter (2010) . The picritic magmas had insufficient heat to melt the main bulk of the plagioclase in the anorthosite, noting that olivine is a very sparse component of the pyroxenite layers at Winnaarshoek. Heat was also insufficient to melt the norite adjacent to the magma sheets.
The orthopyroxene-saturated magma sheets, although injected at temperatures of $1400 C, crystallized rapidly on exposure to the relatively cool noriticanorthositic wall rocks. The presence of phlogopite in some of the chromite stringers may suggest a slightly lower temperature; that is, 'wet' basaltic rocks may melt at less than 800 C at 3-5 kbar (Beard & Lofgren, 1991; Wyllie & Wolf, 1993) . The absence of substantial fluids cannot, however, be reconciled with the process of dehydration melting for the Merensky stringers (Nicholson & Mathez, 1991; Boudreau, 2008) .
Three reactions are thought to have occurred within the boundary layer of contaminated melt, probably in the following order: (1) crystallization of Cr-spinel; (2) recrystallization of the plagioclase and orthopyroxene within stringers and in the overlying anorthosite; (3) high-temperature reactions, both solid-liquid and solidsolid. The boundary layer achieved rapid saturation in Cr-spinel, in part owing to Cr 2 O 3 released from melting of the pyroxene oikocrysts. Small grains of Cr-spinel that nucleated in the enriched, low melt fraction may have settled over a few centimetres onto the underlying pyroxenite, but in situ growth on the wall of the sill was probably the dominant mechanism. Some crystals were enlarged by overgrowths on Cr-spinel phenocrysts (deduced from the relict cores). This may account for the relatively large compositional range in the Crspinel, including within individual stringers. Melting of the pyroxene oikocrysts can be explained as including breakdown of a Fe-Cr-Tschermak component into chromite and hercynite. The SiO 2 released from this reaction is transferred into the melt:
The filling of chromite stringers by anhedral and poikilitic grains of plagioclase with anomalously calcic compositions is not compatible with primary magmatic processes, but can be reconciled with late-stage reactions in a restricted volume of melt mush. Melt was trapped within the vicinity of stringers as there is no access to a column of resident magma within the framework of the sill hypothesis. The Mg-rich nature of the orthopyroxene in the stringers may be explained by subsolidus reactions, with Mg preferentially partitioning into the silicate (pyroxene or olivine) and Fe into the spinel (Fabries, 1979; Engi, 1983; Liermann & Ganguly, 2002 . The absence of Cr-spinel inclusions in the orthopyroxene is indicative of late crystallization of the former. Disequilibrium within or near the stringers is evidenced by the occurrence of coronas of chromian diopside on grains of orthopyroxene. The following simplified reaction may be applicable: Opx þ Pl ! Cpx þ Melt or, if we consider only the Mg and Ca end-members, En þ An ! Di þ (Al 2 O 3 þ SiO 2 ) Melt . The melt in the boundary layers is thus enriched in SiO 2 and Al 2 O 3 (the albitic component of the plagioclase is rejected from the diopside).
Rutile is rarely associated with ultramafic-mafic complexes (ilmenite is the typical Ti-phase), but is a primary mineral of granitic rocks and high-grade metamorphic rocks such as eclogites, and can also form by decomposition of primary Ti-bearing minerals at low pressure; for example, chloritization of biotite (Meinhold, 2010) . The low content of MgO (0Á01 wt %) in the rutile observed in the chromite stringers is indicative of a crustal origin rather than mantle-derived melts. Experiments have shown that the pressure-temperature stability field of Ti-phases in an ocean ridge basalt results in ilmenite as the preferred Ti-phase at low pressure and high temperature, with rutile stable at most temperatures when pressures are above 12-14 kbar (Liou et al., 1998) . Moreover, the solubility of Ti in silicate melts drastically decreases as the temperature approaches the solidus of basaltic rocks (Ryerson & Watson, 1987) . We suggest that the rutile in the chromite formed from high-temperature oxidation of the ulvö spinel component of the spinel: Fe 2þ 2 TiO 4 þ 1 =2O 2 ! TiO 2 þ (Fe 2 O 3 ) Spinel . This may also provide an explanation for the presence of corundum; that is, oxidation of the hercynite component of the spinel: FeAl 2 O 4 ! Al 2 O 3 þ (FeO) Spinel . We are unsure whether the occurrence of rutile and baddeleyite, common accessory phases in the pyroxenite of the UCZ according to Mungall et al. (2016) , can be explained by a similar hypothesis.
The origin of the Merensky upper chromite (sample MRUCR), despite it not occurring on a lithological contact, is also addressed within the magmatic-reaction hypothesis. This stringer initially developed when the picritic sill was juxtaposed to the Merensky anorthosite (Figs 8 and 9d-f) , but was subsequently displaced downward (in relation to the hanging wall) owing to the later emplacement of an additional sheet of magma. The latter crystallized as the $40 cm thick layer of pyroxenite above the upper chromite stringer. This explanation is consistent with the internal layering of the Merensky Reef pyroxenite recognized by Mitchell & Scoon (2007) , interpreted as evidence of multiple injections within a composite sill. Some magma sheets were anomalously enriched in PGE whereas others were not. The Merensky Footwall layers, several of which contain chromite stringers, are related to multiple injections of sills that were poor in PGE.
The Merensky chromite stringers have been related to separate injections within the framework of hybridized basal flows (e.g. Scoon & De Klerk, 1987; Naldrett et al., 2012; Latypov et al., 2015) . In this hypothesis, the chromites are interpreted to have crystallized in situ (e.g. Eales, 1987) . This provides an alternative explanation to the magmatic-reaction hypothesis, but does not address the question of chromite stringers located in the centre of units. We disagree with Latypov et al. (2015) , however, that in situ crystallization is the only explanation for the steeply inclined, even overhanging chromite stringers on the edge of potholes [which represent the upper chromite, not the lower chromite as described by Viljoen (1999 Viljoen ( , 2016 , thus the significance of the textural differences illustrated in Fig. 6 ]: the magmatic-reaction hypothesis provides a viable alternative. One problem with assuming the hybridized basal flows associated with the Merensky Reef were chromite-saturated, however, is that we would expect fragments of anorthosite in potholed sections to reveal rims of chromite, in a similar manner to the boulders in the Boulder Bed.
Our principal criticism of the hypothesis of Latypov et al. (2015) , however, is their suggestion that the hybridized basal flow associated with formation of the Merensky Reef was superheated. Superheated magmas are extraordinarily rare (most magmas contain phenocrys Marsh, 2013) and moreover superheat dissipates immediately on contamination and crystallization, as discussed by O'Hara (1998). Latypov et al. (2015) integrated their hypothesis with development of potholes, but we would suggest that potholing is a significant line of evidence against superheating (owing to contamination). The heterogeneous nucleation of chromite could only have occurred once the melt had lost its superheat and become saturated in Cr-spinel owing to mixing (with resident magma) and/or contamination (assimilation of the footwall). Is this not the hypothesis advanced by Eales (1987) and Scoon & Teigler (1994) ? The problem remains, however, that the bimodality of the Merensky and other units is more readily ascribed to the sill hypothesis and this, as well as other details (such as the extensive chemical database), should have been incorporated into the discussion of Latypov et al. (2015) .
CONCLUSIONS
The different occurrences of chromite in the Bushveld should not be aggregated into a single overarching hypothesis. Type III stringers are probably an entirely different phenomenon from the thicker layers and provide corroborating evidence of the sill hypothesis advanced by Mitchell & Scoon (2007) . Type II chromite is related to downward-penetrating crystal slurries that formed in the picritic sills emplaced into the lower and central parts of the UCZ, as discussed above. Type I chromite is related to crystal slurries that developed during replenishment by basal flows of chromite-saturated magmas in the LCZ. The two principal mechanisms of magma replenishment (i.e. basal flows and syn-magmatic sills) should, therefore, not be seen as mutually exclusive. The trends illustrated in Fig. 5 are significant in the context of the sill hypothesis and/or basal flows as they are indicative of episodic changes in the composition of the new batches of picritic magma with height, rather than reflecting changes in the composition of the resident magma.
